String theory constructions using D-brane physics offer a framework where ingredients like extra abelian factors in the gauge group, more than one Higgs doublet and a generalized Green-Schwarz mechanism appear at the same time. Motivated by works towards the direction of obtaining the Standard Model in orientifold constructions, we study in the present work a Stueckelberg extension of the two-Higgs-doublet model. The distinctive features of our model are i) a sharp decay width for the heavy gauge boson, and ii) a charged Higgs boson having two main decay channels at tree level with equal branching ratios.
Introduction
The Standard Model of Particle Physics (SM) (for reviews see e.g. [1, 2] ) has been extremely successful in describing all low energy phenomena, being in excellent agreement with a vast amount of experimental data. The only missing part of the SM today is the Higgs boson that gives masses to fermions and to W ± and Z bosons. The Stueckelberg mechanism [3] gives mass to abelian vector bosons without breaking gauge invariance on the Lagrangian, and thus provides an alternative to the Higgs mechanism [4] [5] [6] [7] [8] to achieve gauge symmetry breaking without spoiling renormalizability. A Stueckelberg extension of the SM was studied in [9, 10] (see also [11] for a generalization with a kinetic mixing), where the neutral electroweak gauge bosons aquire a mass via both the Higgs and the Stueckelberg mechanism.
Most of the well motivated extensions of the SM, which have been developed to address its open issues, involve an extra U (1) in the gauge group. A new heavy gauge boson, Z ′ , is predicted which would have profound implications for particle physics and cosmology. Such gauge bosons occur naturally in SO(10) grand unified models, extra dimensional models with a hidden sector brane, and string theoretic models with intersecting branes. For a nice recent review see e.g. [12] . In general, in models with an additional abelian factor in the gauge group the fermions are charged under the extra U (1), and furthermore there is a mixing between the SM boson Z and the new gauge boson Z ′ . A Z ′ boson that mixes with the SM Z boson distorts its properties, such as couplings to fermions and mass relative to electroweak inputs. One thus has to worry about the cancellation of all anomalies, and remain in agreement with the LEP and SLC data [13] .
Another famous minimal extension of the SM consists in the addition of one scalar doublet to the theory [14] . This idea has been particularly successful for its simplicity and the rich phenomenology that generates, being able to introduce new dynamical possibilities, like different sources of CP violation or dark matter candidates, helps to solve some of the SM problems. In the most general version of the two-Higgs-doublet model (2HDM), the fermionic couplings of the neutral scalars are not diagonal in flavour, which generates dangerous flavourchanging neutral current (FCNC) phenomena. Since these are tightly constrained by the experimental data, it is necessary to implement ad-hoc dynamical restrictions to guarantee their absence at the required level. For that aim, several versions of the 2HDM based in different ideas have been developed: One possibility is to assume particular Yukawa textures generated by some flavour symmetry, which force the non-diagonal Yukawa couplings to be very small [15] [16] [17] [18] . Another elegant solution comes from considering the alignment of both scalar doublets in flavour space [19] , this implies that the only flavour-changing source is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix in the charged sector and all neutral couplings are diagonal; moreover, this approach provides interesting new sources of CP violation. Particular cases of this general idea are the models defined by the implementation of a discrete Z 2 symmetry, preserving CP and making only one scalar doublet to couple to a given right-handed fermion sector [20] . Depending on the way this symmetry is implemented, different kind of Z 2 models are generated [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Another possibility is to study the general version of the model in the decoupling limit, where the masses of the new Higgs bosons are very heavy and suppress naturally the FCNC couplings. In this sense, and as will be seen in the following, this work opens another way of having a reliable 2HDM in the presence of an extra U (1) gauge symmetry. The only possible 2HDM within this framework has not FCNC terms and the scalar potential results CP invariant.
Many attempts have been made in order to embed the SM in open string theory, with some success [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . They consider the SM particles as open string states attached on different stacks of D-branes. N coincident D-branes typically generate a unitary group U (N ) ∼ SU (N ) × U (1). Therefore, every stack of branes supplies the model with an extra abelian factor in the gauge group. Such U (1) fields have generically four-dimensional anomalies [45, 46] . These anomalies are cancelled via the Green-Schwarz mechanism [47] [48] [49] [50] where a scalar axionic field is responsible for the anomaly cancellation. This mechanism gives a mass to the anomalous U (1) fields and breaks the associated gauge symmetry. If the string scale is around a few TeV, observation of such anomalous U (1) gauge bosons becomes a realistic possibility [51] [52] [53] . The structure of the Minimal Low Scale Orientifold Model has been presented in detail in [54] .
This class of models is characterized by i) the existence of two Higgs doublets necessary to give masses to all fermions, and ii) the massive gauge bosons acquire their mass from two sources, namely the usual Higgs mechanism, as well as the stringy mechanism related to the generalized Green-Schwarz mechanism, which is very similar to the Stueckelberg mechanism. In the light of these developments, it becomes clear that it is natural to study the 2HDM with additional U (1)s and the Stueckelberg mechanism together with the Higgs mechanism. In the present work we wish to study the phenomenology of a simple four-dimensional, non-GUT, non-supersymmetric model with an additional Higgs doublet, and just one extra U (1) factor in the gauge group for simplicity. In a similar spirit, albeit in a different set-up, possible signatures at colliders of new invisible physics and Stueckelberg axions have been analyzed in [55] [56] [57] [58] [59] .
Our work is summarized as follows. In the next section we present the model, in section 3 we discuss the physics of the heavy gauge boson, and finally we conclude in section 4.
The model
Here we shall present the ingredients of the model, the electroweak symmetry breaking, and the mass spectrum at tree level, while the relevant interaction vertices will be given in the next section.
The gauge group of the model is the SM gauge group times an extra abelian factor U (1) X , with a coupling constant g X and a gauge boson C µ associated with it. We have three generations of quarks and leptons with the usual quantum numbers under the SM gauge group, and they are assumed to be neutral under the extra U (1). This is a simple choice that ensures that there are no anomalies in the model. We consider the presence of two Higgs doublets, H 1 and H 2 , with the same quantum numbers under the SM gauge group, the only difference being is that H 1 is assumed to be neutral under U (1) X , while H 2 is charged under the additional abelian factor with charge Y X = ±1 1 . As a consequence no Yukawa terms including H 2 are allowed by the symmetry, and therefore the FCNC problem is avoided. The gauge interactions are thus completely specified, and the Yukawa couplings are the same as in the SM. The most 1 In intersecting brane models one naturally obtains two Higgs doublets, with three possibilities arising regarding their charges under the U (1) factors: i) both are neutral, ii) one is neutral and one charged, and iii) both are charged with opposite charges [35, 44, 51] . The first possibility is not interesting, while in the third one no Yukawa couplings are allowed.
general Higgs potential which is renormalizable and compatible with the symmetries in this framework is the following:
where µ 1,2 and λ 1−4 are real parameters. This corresponds to an inert approach, with the potential similar to the one generated by imposing a Z 2 discrete symmetry in the Higgs basis of a general two-Higgs-doublet model with the SM gauge group [31] [32] [33] [34] , but in this case, resulting from a gauge symmetry which additionally forbids the λ 5 term. From the three possible solutions given by the minimization conditions of the potential [60] , we choose for analogy the one where the second Higgs doublet vacuum expectation value (VEV) is zero, < 0|H 2 |0 >= 0, and only the first Higgs doublet, H 1 , acquires a VEV, v. As in the Z 2 -inert model, the nonexistence of a VEV for H 2 ensures the absence of mixing between the components of H 1 and those of H 2 . Hence, H 1 closely corresponds to the ordinary SM Higgs doublet, and the fields belonging to H 2 are inert in the sense that they do not couple directly to fermions, but they have gauge interactions and self-interactions.
Finally, the Stueckelberg contribution is [9]
where C µ is the gauge boson associated with the U (1) X , C µν is the corresponding field strength, σ is the scalar axionic field which is assumed to couple both to B µ and C µ , and M 1 and M 2 are two mass scales which serve as two extra parameters of the model.
After giving masses to the gauge bosons, the doublets are of the form [33]
coupling constants. If H and A are exactly degenerate in mass, there is not a good dark matter candidate because of direct detection limits [34] . In direct detection searches the dark matter particle scatters off a nucleous of the material in the detector. What is seen is the recoil of the nucleous, while the dark matter particle is not observed. Analysing the data an upper bound on the nucleon/dark matter particle cross section for a given dark matter particle mass is obtained [61] . If the masses of H, A are different, the lightest of the two Higgs bosons, say H, is supposed to play the role of dark matter in the universe, and the scattering off a nucleous takes place via an exchange of the SM Higgs boson (see the first Feynman diagram in the Figure 7 below). If, however, the two inert Higgs bosons are degenerate in mass, the scattering of H off a nucleous can take place also via a Z boson exchange (see the second Feynman diagram in the Figure 7 below). In this case there is an unsuppressed coupling with the Z boson, and the elastic scattering Hq → Aq through a Z boson exchange has a cross section orders of magnitude larger than the allowed ones [34] . The components of the inert Figure 1 : Feynman diagrams corresponding to the elastic scatterings H q → H q and H q → A q respectively. scalar doublet interact with h and among themselves as follows:
With the Stueckelberg extension, and after the standard spontaneous electroweak symmetry breaking the mass terms in the neutral vector boson sector take the form − 
The mixing angles θ, φ and ψ are given by [9] tan
and we can again define the weak angle to be the same as in the SM, tan θ w = g Y /g 2 . In this model, there are some extra free parameters apart from the SM ones, which are: i) the mass parameters and couplings in the Higgs potential, and ii) the coupling constant g X and the mass scales M 1 , M 2 (or M 2 /M 1 and M Z ′ ) from the Stueckelberg contribution. Usually, to be consistent with the LEP data on the Z boson, the mixing between the Z and Z ′ bosons has to be small, |ǫ| ≤ 0.001 [13] , which is satisfied when either the Z ′ boson is heavy or the new coupling constant g X is very small. In the model discussed here, the couplings of Z ′ to the fermions (see the relevant formulas in the next section) do not deviate significantly from the SM values if we take a small ratio M 2 /M 1 ≤ (0.05 − 0.06) [10] . We have considered mainly the case in which M 2 /M 1 = 0.03, but later on we will also make a comment on what the effect of varying the ratio is. Since M 2 /M 1 is taken to be small, the new gauge boson is allowed to be relatively light, and if not very heavy it is within future experimental reach. Therefore in the following we shall take the mass of the heavy gauge boson to be in the range between 200 GeV and 1 − 2 TeV. The interactions between the fermions, the SM Higgs and the charged W ± bosons are the same as in the SM, and the electromagnetic interactions of charged particles have the usual form, where now the electric charge is given by
Furthermore, the interactions of the inert bosons with W ± are the same as in the inert 2HDM. However, due to the existence of C µ and the new mixing between the mass eigenstates and the gauge eigenstates, the couplings to the Z boson are different, and there are also similar couplings to the Z ′ . In the model discussed here, the photon is a linear combination of W 3 µ ,C µ ,B µ , and we find the relation
which generalizes the usual SM formula Q = T 3 + Y /2. For the particles that are neutral under the extra U (1) factor the third term vanishes and we recover the formula valid in the SM, while for the inert Higgs bosons, assuming that Y X = ±1, we find
and therefore for a coupling constant g X similar to the SM coupling constants g 2 , g Y or lower, the usual hypercharge for the inert Higgs bosons is slightly different than one.
Heavy gauge boson searches
The LHC is designed to collide protons with a center-of-mass energy 14 TeV. Since the centerof-mass energy of proton-proton collisions at LHC is 14 TeV, the particle cascades coming from the collisions might contain Z ′ if its mass is of the order of 1 TeV. Therefore a heavy gauge boson can be discovered at LHC, and in fact new gauge bosons are perhaps the next best motivated new physics, after the Higgs and supersymmetric particles, to be searched for at future experiments. The mass, total decay width as well as branching ratios for various decay modes are some of the properties of Z ′ that should be accurately measurable, and could be used to distinquish between various models at colliders. Thus, in this section we discuss the phenomenology of the model as far as the physics of the new gauge boson is concerned.
In the following we shall be interested in two-body decays, M → m 1 m 2 , of a heavy particle with mass M into two lighter particles with masses m 1 , m 2 , provided of course that in the Lagrangian there is the corresponding three-point vertex, and that the decay is kinematically allowed, namely that M > m 1 + m 2 . The general formula for the decay width is given by
where M f i is the transition amplitude from the initial to final state and the function λ(a, b, c) ≡ a 2 + b 2 + c 2 − 2ab − 2ac − 2bc. In particular, we are here interested in the decays of the heavy gauge boson Z ′ into fermions, W ± , Z and Higgs bosons:
Z ′ to fermions
For the first decay channel in (13) , the Lagrangian interaction between fermions and a massive neutral gauge boson V has the form
and the corresponding decay width is given by
which in the massless fermion limit (M V ≫ m f ) is simplified to
where the number of colors N c is one for leptons and three for quarks. In the model discussed here V corresponds to the Z ′ boson and the coupling g Z ′ f f is given by
while c V and c A are computed to be
and can be also found in [62] . In Table 1 we recall the quantum number of the fermions. 
Z ′ to bosons
For the decay channels of Z ′ into Higg bosons the Lagrangian interaction has the usual structure as in [63] . Departing from the neutral gauge eigenstates V µ = C µ , B µ , W 3 µ Lagrangians,
one can derive the interaction between the new gauge boson Z ′ rotating the fields as in Eq. (7). Therefore, from the mass eigenstates basis E µ = Z ′ µ , Z µ , A γ µ , the contributions describing these interactions are,
given the corresponding couplings,
and g Z ′ Zh can be also found in [62] . Thus, the decay rates (12) corresponding to these processes can be easily obtained from the following amplitudes squared
Finally, for the decay of Z ′ into W ± bosons, we have obtained a formula similar to that of [63] , with the coupling in the model discussed here being different by the SM coupling between Z and W ± bosons by a factor
cos(θw) . Suppression by O 31 of the decay Z ′ → W + W − , resulting in a branching ratio of a few percent for this mode, is seen in [64] .
Results
Our results are summarized in the figures below. We have fixed the Higgs boson masses (Set 1 and Set 2 as can be seen in Table 2 ), as well as the coupling constant g X considering two cases, one in which the coupling is small, g X = 0.001, and one in which the coupling is comparable to the SM couplings, g X = 0.1. Then the only free parameter left is the heavy gauge boson mass. Therefore, in the figures shown below the independent variable is the mass of Z ′ . First we focus on the case where g X = 0.001. Figures 2 and 3 show the total decay width of Z ′ (in GeV) as a function of its mass for Set 1, with M 2 /M 1 = 0.03 and 0.05, respectively. In the rest of the figures the impact of changing the value for the ratio M 2 /M 1 is negligible, so it is fixed at 0.03. Figures 4 and 5 show all branching ratios as a function of M Z ′ (for Set 1 and Set 2 respectively). All the decay channels into quarks have been considered together as a single quark channel. However, we have checked that Z ′ decay into quarks is dominated by the up quark contributions, as in Figure 1 of [64] . The straight vertical lines correspond to the thresholds, one for the top quark (∼ 346 GeV), one for the neutral Higgs bosons (600 GeV for Set 2 only) and one for the charged Higgs bosons (400 GeV for Set 1 and 1000 GeV for Set 2). We remind the reader that in the SM, the branching ratio of the Z boson to electrons or muons or tau leptons is 0.034 for each of them, to all neutrino species (invisible channel) is 0.2, and to hadrons is 0.7. To compare with the Stueckelberg extension of the SM with just one Higgs doublet, we show for that model the branching ratios of Z ′ in Figure 9 (for Set 1), and the total decay width in Figures 2 and 3 together with the total width for our model with two Higgs doublets. In the model with one Higgs doublet there are no decay channels to inert Higgs bosons, and for a large enough M Z ′ , where the branching ratios of Z ′ to the inert Higgs bosons become significant, the decay widths in the two models tend to differ. However, the difference is small since the dominant contribution to the decay width is from Z ′ to fermions, which scales as this would be a direct evidence of physics beyond the SM. Without Yukawa couplings the charged Higgs bosons cannot directly decay into fermions, and therefore the dominant decay channels of the charged Higgs bosons are just two, H ± → W ± H and H ± → W ± A. Taking into account that H and A are degenerate in mass, the model discussed here predicts that there are two main decay channels for H ± with the two branching ratios being equal to 1/2. A detailed discussion of the Higgs phenomenology is postponed to a future work [66] . We can also mention here in passing that if the decay channel h → ZZ is kinematically allowed, the SM Higgs boson can be easily found through the so-called four-lepton golden Higgs channel,
As in the case with one Higgs doublet, the total decay width is much smaller than in other models [68, 69] , and therefore a heavy gauge boson is expected to show up at colliders as a sharp resonance. Finally, in Figure 8 we show ratios of decay widths of two channels as a function of M Z ′ , and in particular we have chosen to show the following ratios: Leptons to hadrons, leptons to neutrinos, charged Higgs to neutral Higgs, and W ± bosons to SM Higgs and Z boson. Recall that in the SM the ratio of leptons to neutrinos is 0.17, and the ratio of leptons to hadrons is 0.05.
Finally, notice that in Figures 2 and 3 , although they look very similar, the scale is different. When the ratio M 2 /M 1 is increased from 0.03 to 0.05, the total decay width also increases by a factor ∼ 3, because the couplings of the new gauge boson are now larger. We have also checked that the plot with larger mass ratio showing the branching fractions cannot be distinguished from the one with smaller mass ratio.
We now consider the case where g X = 0.1 for Set 1 and M 2 /M 1 = 0.03. Most of the decay modes remain the same, apart from the ones into the inert Higgs bosons, for which the coupling now is larger, leading to larger partial decay widths. Figure 7 shows the effect of increasing the coupling constant g X in the total decay width, while Figure 6 shows the effect on the branching ratios. The curves corresponding to the decays into the inert Higgs bosons preserve their shape, but now they are above the rest. The sign of Y X has been taken to be positive. If we change the sign of Y X we obtain a similar plot where the branching ratios for the inert Higgs bosons are slightly larger.
Conclusions
A model with an extra U (1) and a second Higgs doublet has been investigated. It is assumed that the fermions and the SM Higgs are neutral under the extra U (1), while the dark Higgs is charged. Thus, Yukawa couplings for the additional Higgs are not allowed, and the FCNC problem is avoided. From this point of view the model is similar to the inert 2HDM, although the gauge symmetry is more restrictive than the Z 2 discrete symmetry. The massive gauge bosons obtain their masses from two separate mechanisms, namely from the usual Higgs mechanism, as well as from the Stueckelberg mechanism. The interplay between the heavy gauge boson and the extended Higgs sector makes the phenomenology of this model very rich. We have computed the total decay width and all the branching ratios of Z ′ as a function of its mass for two different sets of the Higgs bosons masses. We find that two distinct features of the model are a) a sharp decay width for the heavy gauge boson, characteristic of the Stueckelberg mechanism like in the corresponding model with just one Higgs doublet, and b) a pair of charged Higgs bosons with no Yukawa couplings decaying dominantly into a W ± boson and a neutral Higgs boson H or A, with the two branching ratios being equal to 1/2 each. 
